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Linac-ring analogues of the LHC and VLHC based standard type ep col-
lider proposals are discussed. It is shown that sufficiently high luminosities
can be obtained with TESLA like linacs, whereas essential modifications
are required for CLIC technology. The physics search potential of proposed
ep colliders is demonstrated using pair production of heavy quarks as an
example.

PACS numbers: 12.38.—t, 29.17.+w, 29.20.Dh, 29.90.+r

1. Introduction

It is known that lepton—hadron collisions have been playing a crucial
role in exploration of deep inside of matter. For example, the quark—parton
model was originated from investigation of electron—nucleon scattering. The
HERA with ,/s¢; ~ 0.3 TeV has opened a new era in this field extending
the kinematics region by two orders both in high Q? and small  with re-
spect to fixed target experiments. However, the region of sufficiently small
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r (< 107%) and simultaneously high Q2 (>10 GeV?), where saturation of
parton densities should manifest itself, is not currently achievable. The in-
vestigation of physics phenomena at extreme small x but sufficiently high
Q? is very important for understanding the nature of strong interactions
at all levels from nucleus to partons. At the same time, the results from
lepton—hadron colliders are necessary for adequate interpretation of physics
at future hadron colliders.

Concerning LHC which hopefully will start in 2007, an /s ~ 1 TeV ep
collider will be very useful in earlier 2010’s when precision era at LHC will
begin. Today, linac-ring type machines seem to be the main way to TeV scale
in lepton—hadron collisions (see [1] and references therein). Construction of
future linear collider or a special e-linac tangentially to existing (HERA,
TEVATRON, RHIC) or planned (LHC, VLHC) hadron rings will provide a
number of new powerful tools in addition to ep and eA options:

— TeV scale vp [2| and vA [2,3] colliders. In this case high energy elec-
tron beam will be converted into photon beam using Compton back
scattering of laser photons on ultra-relativistic electrons [4]. It should
be noted that photon—hadron options cannot be realized on the base
of standard (ring-ring) type electron-hadron colliders (see arguments
given in [2]).

— FEL-Nucleus colliders [5]. In this case (a part of) e-linac will be used
for production of keV energy laser beam. Let us mentioned that FEL-
Nucleus colliders satisfy all requirements on ideal photon source for
nuclear resonance fluorescence experiments [6].

On the other hand, there are several standard (ring—ring type) ep collider
proposals with /5¢, > 1 TeV. The first one is an ep option for LHC [7]. This
proposal, which assumes a construction of 67.3 GeV electron ring in the LHC
tunnel, is considered as a part of the LHC programme in [8]. Concerning
the VLHC based ep collider, a construction of 180 GeV e-ring in the VLHC
tunnel is proposed in [9].

In this paper we consider linac-ring analogs of the LHC and VLHC based
standard type ep colliders mentioned above. Two basic assumptions are
made:

1. Linac and ring beams have the same electron energy;
2. Linac beam power is equal to e-ring synchrotron radiation power.

Main limitations on linac-ring type ep collider parameters are discussed
in Section 2. Comparison of the LHC and VLHC based linac-ring type and
standard type ep colliders is performed in Sections 3 and 4, respectively. As



LHC and VLHC Based ep Colliders: e-Linac versus e-Ring 2107

an example of physics search potential we consider pair production of heavy
quarks (éc and bb) in Section 5. Comparison of the QCD-Explorer (Linac-
ring type ep collider based on 70 GeV e-linac to be constructed tangentially
to LHC ring) and LHeC (Large Hadron Electron Collider which assumes
construction of 70 GeV e-ring in the LHC tunnel) proposals is represented
in Section 6. Finally, we give some concluding remarks in Section 7.

2. General consideration

There are two most important collider parameters from physicist point
of view, namely, center of mass energy and luminosity. The center of mass
energy determines the scale of resolved dimension and achievable masses of
new particles. The luminosity multiplied by corresponding cross-section de-
termines number of available events. In addition, beam polarization, energy
spread, collision frequency and luminosity per collision could be important
for different phenomena.

The center of mass energy in given by /s=2./E.E, for ultra-relativistic
head-on colliding particles. The most transparent expression for the lumi-
nosity of linac-ring type ep colliders is [10]:

1 P. N,
Ley= — 2210 1
P Ar E. €l By W

for round, transversely matched beams with the same bunch spacing. Here,
E, is the energy of electrons, P, is electron beam power, IV, and Eév are the
number of particles in proton bunch and normalized emittance of proton
beam, ~, is the Lorentz factor and , is amplitude function of proton beam
at interaction point. Normalized beam emittance (¢V) is connected to the
transverse beam emittance (¢) by the relation ¢V = ~e.

The first restrictive limitation for electron beam is beam power
Pe = NeEenbfrep7 (2)

where N, is the number of particles in electron bunch, ny is the number
of bunches in linac pulse and f.p, is repetition rate of the linac. Taking
into account the acceleration efficiency, reasonable value of P, is several tens
MW.

The maximum number of electrons per bunch is determined by the
beam-—beam tune shift limit of the proton beam

. NeTOB;
27T’Yp0':ce(0'ze + Uye)

AQp

: (3)
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where ro = 1.54 x 107'® m is the classical radius of proton. oz and Oye are
horizontal and vertical sizes of electron beam at interaction point. Generally
accepted beam—beam tune shift value for protons in the case of ring—ring
colliders is AQ,< 0.003. This limit value can be a little bit larger for linac-
ring type colliders.

Disruption parameter for electrons is given by

2Npre Ozp

D= )
Ye  Oup(Oap + oyp)

(4)

where 7. is the classical electron radius, o0, is proton bunch length, o),
and o0, are horizontal and vertical beam sizes of proton beam.The anal-
ysis performed for linear colliders shows that values of D up to ~ 50 are
acceptable.

The most important limitation on proton beam comes from intrabeam
scattering (IBS), which leads to emittance growth. We assume that IBS
growth time 7gg> 1 hour is acceptable for linac-ring type colliders. For
comparison, filling time is 7.5 min. and acceleration period is 1200 s for the
LHC proton beam. In our calculations we use formulas from [11].

3. The LHC based ep collider (QCD explorer)

As mentioned above, the standard ep option for LHC |7] assumes a con-
struction of 67.3 GeV e-ring in the LHC tunnel and it is considered as a
part of the LHC programme [8]. Parameters of electron and proton beams
for this option are given in Table I. It is seen that center of mass energy
V/Sep = 1.37 TeV and luminosity Ly = 1.2 X 1032 cm~2s7! will be achieved.

Let us consider the use of e-linac instead of e-ring with ~ 27 km circum-
ference. With E, = 67.3 GeV and P, = 34.5 MW and nominal LHC proton
beam parameters (N, = 1.1 x 101, &, = 0.5 nm, 85 = 0.5 m [12]) we ob-
tain for linac-ring option L, = 1.1 x 103 em™2s7! according to Eq. (1). If
one choose the THERA (TESLA+HERA based ep collider proposal) proton
beam parameters [13], namely, N, = 10}, Eév =107% m and B, = 10 cm
the luminosity for “ideal” e-linac becomes L, = 1.9 x 1032 em 2571

Concerning the “real” e-linac technologies we consider TESLA and CLIC
proposals. Parameters of the TESLA (THERA option [13]|) and CLIC [14]
e-beams are given in Table II. It is seen from Table III that in the TESLA
case one can use all e-bunches, whereas only ~ 3% of the CLIC e-bunches will
collide with the LHC proton bunches. (Let us mentioned that superbunch
option for the LHC could give opportunity to utilize all CLIC bunches [15]
but this opportunity requires a radical modification of whole LHC stages
from injector to main ring). With nominal LHC parameters we obtain L, =
1.9 x 1030 cm 257! for “TESLA” and Lep=1.4x 1028 cm—2s~! for “CLIC”
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TABLE 1
Parameters for standard type LHC ep collider [6].
Electron beam parameters
Energy E. (GeV) 67.3
Bunch population, N, 6.4 x 1010
Emittance, ¢, (nm) 9.5/2.9
Beta functions, Bze/Bye, (m) 0.85/0.26
Beam-beam tune shifts, AQ,/AQ, | 0.027/0.027
Radiation power W [MW] 34.5
Proton beam parameter
Energy E, (TeV) 7
Bunch population, N, 10t
Emittance, ¢, (nm) 0.5
Beta functions, (zp/Byp, (m) 16,/1.50
Beam-beam tune shifts, AQ,/AQ, | 0.0032/0.0010
Collider parameters
Center of mass energy, /s (TeV) 1.37
Luminosity (1032 em~2s71) 1.2
TABLE II

Nominal parameters of the TESLA and CLIC e-beams.

TESLA | CLIC
Accelerating gradient MeV /m 23.4 150
Bunch spacing, 7. (ns) 211.37 | 0.66
Number of bunches, ny, 5600 154
Repetition rate, frep, (Hz) 5 200
Number of electrons per bunch, N, (100) | 2 0.4
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(see Table IIT). With THERA like modification of the LHC proton beam, the
luminosity values become L., = 3.3 x 103! cm™2s7! and 2.3 x 10%? em 2571,
respectively (see Table IV). It is seen that a factor of ~ 3.5 for TESLA
technology and a factor of ~ 500 for CLIC technology are needed in order
to achieve a luminosity L., = 1.2 x 1032 em 2571

TABLE III

Main parameters of “TESLA”-LHC and “CLIC”-LHC colliders with nominal LHC
beam.

TESLA CLIC
Effective linac length (km) 2.88 0.45
Bunch spacing, 7. (ns) 211.37 0.66
7/ 7e (75 = 25 1s) 0.118 37.88
Effective bunch number, n'f;ﬁ 5600 5
Bunch population, N, 1.1 x 10 | 1.1 x 10'?
Beta function, 3, (m) 0.5 0.5
Emittance, ¢, (nm) 0.5 0.5
Luminosity, Lep (cm™2s71) | 1.9 x 1030 | 1.4 x 1028

TABLE IV

Main parameters of “TESLA”-LHC and “CLIC”-LHC with THERA like upgrade of
the LHC proton beam parameter.

TESLA CLIC
Bunch population, N, 101t (5 x 1011) 101t (5 x 1011)
Beta function, 3, (cm) 10 10
Normalized emittance, e} (um)|1 1
Beam-beam tune shift, AQ, 0.0024 0.0005
Disruption, D 12 (60) 12 (60)
Luminosity, Le, (cm™2s71) 3.3 x 103 (1.6 x 10%2)]2.3 x 10%% (1.2 x 103°)
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Because of 7 times higher proton beam energy comparing to the HERA
the number of protons in LHC bunches can be essentially enlarged. For
example, the LHC beam lifetime is ~ 5 h for N, = 5x 10" and Eév =10"%m.
Therefore, luminosity L., = 1032 ecm™2s~! can be achieved with TESLA
technology. Radical modification of electron beam is necessary in the case
of CLIC technology. For example, N, can be enlarged by the factor of
2.5 [16] (the beam—beam tune shift, Eq. (3), permits the factor ~ 6). In
addition, the effective collision frequency can be enlarged by factor 10 due
to corresponding increase of the number of bunch trains per RF pulse a la
CLICHE [17]. Remaining factor 4 may be provided by “dynamic focusing”
[18].

To summarize, using TESLA and CLIC like electron linacs with active
lengths ~ 2.9 km and ~ 0.45 km respectively, one can obtain the same
center of mass energy in the case of ~ 27 km electron ring. Concerning
the luminosity, “moderate” upgrade of TESLA and LHC beams could give
opportunity to achieve L., = 1032 cm~2s7 !, whereas “radical” upgrades of
e-beam is needed for CLIC.

4. The VLHC based ep collider

The standard type ep collider based on VLHC assumes a construction
of 180 GeV e-ring in the VLHC tunnel [9]. In this case length of the ring
is 531 km, radiated power loss for electron beam is 50 MW, center of mass
energy is 6 TeV and luminosity is 1.4 x 1032 cm~2s~! [9]. Main parameters
of this machine are listed in Table V.

Concerning linac-ring option, with £, = 180 GeV and P, = 50 MW
and THERA-like upgrade of the VLHC proton beam parameters IV, = 101,
Eév = 107% m and B, = 10 cm, according to Eq. (1) we obtain L., =
7.3 x 1032 cm™2s7! for “ideal” e-linac. The active lengths are 7.7 km and
1.2 km for TESLA and CLIC like electron linacs, respectively.

Main parameters of “TESLA”-VLHC and “CLIC’-VLHC options with
THERA like upgrade of the VLHC proton beam are given in the Table VI.
It is seen that the needed luminosity is achieved with nominal TESLA pa-
rameters, whereas a factor of ~ 70 is required for the CLIC case. Possible
solutions for the latter case are presented in the previous section.
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TABLE V
Parameters for standard type VLHC ep collider [9].
Electron beam parameters
Energy E. (GeV) 180
Bunch population, N, 10.1 x 100
Beam-beam tune shifts, AQ,/AQ, (1073) | 6.1/2.9
Radiation power W [MW] 50
Proton beam parameter
Energy E, (TeV) 50
Bunch population, N, 12.5 x 100
Beam-beam tune shifts, AQ,/AQ, (1073) | 4/0.3
Collider parameters
Center of mass energy, /s (TeV) 6
Luminosity (1032 cm=2s71) 1.4
Circumference, (km) 531
TABLE VI

Main parameters of “TESLA”-VLHC and “CLIC”-VLHC with THER A-like upgrade
of the LHC proton beam parameter.

TESLA CLIC
Bunch population, N, 10t 101!
Beta function, 3, (cm) 10 10
Normalized Emittance, e}’ (um) | 1 1
Beam-beam tune shifts, AQ), 0.0024 0.0005
Disruption, D 31.8 31.8
Effective linac length (km) 7.69 1.2
Bunch spacing, 7. (ns) 211.37 0.66
7/7e (7, = 19 1s) 0.089 28.78
Luminosity, Le, (cm™2s71) 2.3 x 1032 | 2 x 10%°
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5. Physics example: pair production of heavy quarks

The physics search potential of an /s = 1 TeV ep collider is exten-
sively analyzed during 2 years THERA study [13]| (see also [12-27]. Here
we consider in details one example, namely gluon distributions, which is
very important for Higgs physics at the LHC, because gluon fusion is the
dominant channel for Higgs boson production at hadron colliders.

Measurements of the heavy quarks produced in the process of photon—
gluon fusion (PGF) can be used for the direct reconstruction of the gluon
structure of the proton [28]. Fig. 1 shows the differential cross sections
do/dlogiyzy (x4 denoting the gluon fractional moment in the proton) for
charm and beauty produced in PGF at HERA, THERA, QCD Explorer
and Linac-VLHC. The cross sections were calculated within NLO QCD [29]
for @Q? < 1 GeV2. The GRV98 [30] parameterization was used for the pro-
ton structure function. The parameterization was artificially extended to
the range Q% > 105 GeV? to cover the full-scale range of the Linac-VLHC
collider. The increase of the electron beam energy will provide an oppor-
tunity to probe at THERA one order of magnitude smaller x, values with
respect to those at HERA. The kinematics limits of the x, measurements at
THERA are 107° and 10~* for charm and beauty production, respectively.
Similar statement is valid for QCD Explorer, which has approximately the
same center of mass energy as THERA. Linac-VLHC will give opportunity
to explore an order lower value for x,. However, to be sensitive to the z,
values around the kinematics limits one will need to tag heavy quarks in the
very backward (electron) direction.

Plot (a) and (b) in Fig. 2 show the predictions for THERA with E, =
250 GeV and E, = 1 TeV imposing additional cuts % < 179°, §b < 175°
and 6%? < 170°. Only charm quarks with ¢ > 175° demonstrate sensitivity
to the as yet unexplored range 2 x 10_5§mg < 10~%. Similar plots for QCD
Explorer are presented in Fig. 3. Due to a little bit higher center of mass
energy and especially larger asymmetry of beam energies one will be able to
explore 107° < x4 < 10~ using charm quarks with #¢ < 175°. Moreover,
comparison of Figs. 2(a) and 3(b) show that the x, region, which can be
explored by ¢ quarks with §¢ < 175° at THERA, is covered by b quarks with
6% < 175° at QCD Explorer. Approximately 40 times larger cross-section
for @c pair production at THERA covering to bb pair production at QCD
Explorer can be compensated by higher luminosity of the latter one. Linac—
VLHC will give opportunity to explore 107° < Ty < 10~* using beauty
quarks with ¢ < 175° as seen from Fig. 4(b), whereas charm quarks are
sensitive up to an order lower x, ~ 107% (Fig. 4(a)).
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Fig.1. The differential cross-section do/dlog,yz, for charm (left) and beauty

(right) produced in the process of v*g fusion.

Solid, dash-dotted, dashed and

dotted curves correspond to Linac—-VLHC, QCD Explorer, THERA and HERA,

respectively.
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Fig. 2. The prediction for the THERA with additional cut #°< 179° (solid curves)
6 < 175° (dashed curves) and §°°< 170° (dotted curves).

Total cross-section for charm and beauty production at /s = 1 TeV are ~
2 ub and 25 nb, respectively. As aresult, even L = 103 cm™2s~! will provide
2 x 107 c and 2 x 10° bb pair per working year (107 s). Therefore, linac-ring
type ep colliders will give opportunity to perform detailed investigation of

gluon distribution in proton.
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Fig. 4. The same as Fig. 2 but for Linac—-VLHC.

6. QCD-E versus LHeC

Recently, Large Hadron Electron Collider (LHeC) is proposed, in which
a 70 GeV electron (positron) beam in the LHC tunnel is in collision with
one of the LHC hadron beams [31].

Main parameters of the LHeC lepton and proton beams are presented
in Table VII. Center of mass energy and expected luminosity are ,/sc, =
1.4 TeV and L, = 1033 cm™2s7!, respectively. However, construction of an
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additional e-ring in the LHC tunnel might cause a lot of technical problems:
an example is inevitable removing of the LEP from the tunnel in order to
assemble the LHC. In any case, LHC could not operate during the instal-
lation of e-ring. For these reasons, alternative linac-ring type ep option for
the LHC should be considered seriously.

TABLE VII

Main parameters of the LHeC beams [31].

Leptons | Protons
Beam energies, GeV 70 7000
Particles per bunch, 10*° 1.04 17
Bunch spacing, ns 25 25
Horizontal emittance, nm | 25.9 0.5
Vertical emittance, nm ) 0.5
Horizontal ¢ at IP, cm 3.77 180
Vertical 3 at IP, cm 4.44 50
Energy loss per turn, GeV | 0.676 6 x 1076
Radiated energy, MW 50 0.003

The most transparent expression (in practical units) for the luminosity
of linac-ring type ep colliders is [32]:

21 T 10°°m 4, 10cm P 250GeV

F =48 x10%
A0 e S T~ T066 5, 226MwW B, )

where P, denotes electron beam power, which is taken equal to radia-
tion power of corresponding e-ring. With E. = 70 GeV, P. = 50 MW
and LHC proton beam parameters from the Table VII one obtain L., =
2.4 x 103! cm™2s7! for linac-ring option. If one choose the THERA proton
beam parameters [13], namely, n, = 10, Eév = 107% and B, = 10 cm, the
luminosity for “ideal” e-linac becomes L, = 2.6 x 1032 ecm—2s~!. An addi-
tional factor 34 can be provided using dynamical focusing [18]. Therefore,
QCD Explorer could provide for ep option the same luminosity as LHeC, in
principle.

To summarize, using TESLA and CLIC like electron linacs with active
length ~ 2.9 km and ~ 0.45 km, respectively, one can obtain the same
center of mass energy as in the case of ~ 27 km electron ring. Concerning
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the luminosity, “moderate” upgrade of TESLA and LHC beams could give
opportunity to achieve L, = 1032 cm™2s7!, whereas “radical” upgrades of
e-beam is needed for CLIC. Obviously, design of a “dedicated” linac will
essentially improve QCD-E parameters.

7. Conclusion

Lepton hadron colliders with /s > 1 TeV are necessary both to clarify
fundamental aspects of the QCD part of the Standard Model and for ade-
quate interpretation of experimental data from multi-TeV hadron colliders.
A construction of an additional e-ring in the LHC and VLHC tunnels might
cause a lot of technical problems. Linacs give opportunity to obtain the
same e-beam energy with much shorter lengths. The development of the
resolution power of the experiments exploring the inner structure of mat-
ter over time from Rutherford experiment to CLIC-VLHC is illustrated in
Fig. 5 [33].

& i
w10k Bl
L
E Futherfird 1
L 1
T . 1
B Ho Etadter i
g ]
T 107 . e 1 1
ELAC ep :
e [ ] : I
CERM xvH 1
1 . i 1071
HERA j
! THERA |
=t QCh EXP ]
! _ i
NLC®LHC
4
10 | 120
OLIC® VLHC 10
© e |
04 | |
:
|a00 TH! 2000 ansn
ear

Fig.5. The development of the resolution power of the experiments exploring the
inner structure of matter over time from Rutherford experiment to CLIC-VLHC.

Today, there are two realistic proposals, namely, QCD Explorer and
LHeC. Both QCD-E and LHeC will give opportunity to achieve sufficiently
high luminosity to explore crucial aspects of the strong interactions. Whereas
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LHeC is based on the more familiar approach (we have nice experience from
the HERA), QCD-E has a number of advantages:

— additional vyp, vA and FEL A options,

— electron beam energy can be expanded by increasing linac length,
whereas synchrotron radiation blocks this road for LHeC,

— minimal influence on the LHC tunnel.

The main goal of both QCD-E and LHeC proposals is to clarify funda-
mental aspects of strong interactions. Their potential for the BSM physics
search is restricted by center of mass energy. Therefore, very high luminosity
is not so important. In our opinion yA option of the QCD-E will provide
crucial information on QCD dynamics at small z, in nuclear medium.

This work is partially supported by the Turkish State Planning Organi-
zation under the grand no 2002K120250.
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